Mechanical stretch commonly promotes craniofacial suture remodeling during interceptive orthodontics. The mechanical responses of osteoblasts in craniofacial sutures play a role in suture remodeling. Moreover, the extracellular matrix (ECM) produced by osteoblasts is crucial for the transduction of mechanical signals that promote cell differentiation. Therefore, we aimed to investigate the effect of mechanical stretch on cell viability and ECM-related gene-expression changes in human osteoblasts. Human calvarial osteoblasts (HCObs) were subjected to 2% deformation. Caspase activity, MTT, and cell viability assays were used to estimate osteoblast apoptosis, proliferation, and viability, respectively. Real-time RT-PCR (RT 2 -PCR) arrays were used to assess expression of cytoskeletal-, apoptosis-, osteogenesis-, and ECM-related genes. We found that mechanical stretch significantly increased osteoblast viability and cell proliferation, and decreased the activities of caspases 3 and 7. Moreover, the expression of 18 genes related to osteoblast differentiation, apoptosis, and ECM remodeling changed by more than two-fold in a time-dependent manner. Therefore, mechanical stretch promotes HCOb viability and alters expression of genes that are closely related to suture remodeling under mechanical stretch.
Residing between craniofacial bones, sutures serve as sites for active, longitudinal bone growth and can transmit mechanical stretch to bones (1, 2) . Mechanical stretch modulates skeletal growth by affecting the craniofacial sutures before their closure (3) . Interceptive orthodontics commonly use mechanical stretch to promote craniofacial suture remodeling, such as maxillary expansion and protraction. The responses of osteoblasts in cranial sutures to stretch play a role in suture remodeling (4, 5) . Mechanical stretch modulates osteoblast differentiation and apoptosis, and the synthesis and secretion of extracellular matrix (ECM) proteins play a crucial role in these processes (6, 7) . Although mechanical stretch has been suggested to regulate osteoblast viability (8) , specific changes in ECM-related gene expression in osteoblasts under mechanical stretch remain unclear.
The ECM contains growth factors and cytokines, which are essential for cells to sense mechanical signals in the bone microenvironment (9) (10) (11) (12) . The mechanical stimuli can alter the cytoskeletal organization and stimulate the production and secretion of ECM proteins, while mechanical stimuli can also be converted into biochemical signals by ion channels or membrane proteins transmitting to the cell interior (13, 14) . Subsequently, the expression levels of genes and proteins are modified, regulating the local biological activities. The mechanical forces achieved through cell-matrix interactions are transmitted to membrane proteins to initiate intracellular biochemical cascades that ultimately regulate cellular biological behaviors (11) . Therefore, changes in ECMrelated gene expression under mechanical forces are crucial for regulating cellular behaviors.
Osteoblasts respond to various forms of mechanical stimuli, such as compressive force (15) and cyclic stretch (16, 17) , which can directly regulate the production of ECM proteins by activating the related genes to affect osteoblastic differentiation, growth, and apoptosis (18, 19) . Previous studies found that cyclic stretch increases the expression of osteoblastic differentiation markers and the genes related to osteoblastic activities (10, 20) . The changes in cellular biological activities induce ECM remodeling, indicating that cell apoptosis and viability play a key role in modulating skeletal structure and function.
In the present study, the biomolecular responses of human calvarial osteoblasts (HCObs) to mechanical stretch were examined.
Material and methods

Cell culture
The HCObs used in this study were primary cultures available commercially (Cat. #4600; ScienCell Research Laboratories, Carlsbad, CA, USA). A total of 5 9 10 5 cells were plated onto 30-mm-diameter culture dishes containing 1.5 ml of tissue culture medium consisting of Dulbecco's modified Eagle's minimum essential medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (Atlanta Biologicals, Lawrenceville, GA, USA), antibiotic-antimycotic reagent (100 units of penicillin G, 100 lg ml À1 of streptomycin sulfate, and 0.25 lg ml À1 of amphotericin B) (Invitrogen), and 2 mM L-glutamine (Invitrogen), and the cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. The culture medium was replaced every 2 d, and cells from passages 3-6 were used.
Application of a cyclic, equibiaxial stretch force to the HCObs
The HCObs were plated at a density of 2 9 10 5 cells well À1 in six-well Bioflex plates coated with collagen I (Flexcell, Hillsborough, NC, USA) for about 72 h, reaching confluence before they were subjected to a cyclic, equibiaxial stretch force. The Bioflex plates, designed to provide an equibiaxial stretch force, were subjected to an intermittent deformation of 2% for 5 s (0.2 Hz) every 60 s for 6, 12, and 24 h using a Flexercell FX-4000 Strain Unit (Flexcell), as described previously (21) .
Cellular morphological changes
Morphological changes of HCObs after 12 h of stretch were investigated using an Olympus IX70 microscope (Olympus, Tokyo, Japan) at 40x and 100x magnification. Ten fields in each well of a six-well Bioflex plate were randomly selected and images were captured. Cell appearance and dimensions were analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA), as previously described (22) .
Cell apoptosis
A Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA) was used to detect caspase (caspase 3/7) activity. Mechanically loaded cells (6, 12 , and 24 h) were harvested by trypsinization and resuspended in 1 ml of fresh medium; 100 ll of this cell suspension was added to 96-well plates and treated with 100 ll of Caspase-Glo reagent followed by incubation for 1 h at room temperature. The luminescence was measured using a Luminoskan Ascent luminometer (Thermo Scientific, Waltham, MA, USA).
Cell proliferation
The proliferation of HCObs was assessed using an MTT assay. After stretching for 6, 12, and 24 h, cells were rinsed with PBS, trypsinized, and collected by centrifugation at 200 g for 5 min. After aspirating the supernatant, the cells were resuspended in 1 ml of fresh medium and seeded in a 96-well plate at a density of 3 9 10 3 cells and cultured for 6 h. Then 20 ll of MTT (5 mg ml À1 ) (Sigma, St Louis, MO, USA) was added to each well and incubated for 4 h. Formazan crystals were dissolved in dimethyl sulfoxide (DMSO) and the absorbance was measured at 570 nm using a Luminoskan Ascent luminometer (Thermo Scientific).
Viability assays
The viability of HCObs was estimated after subjecting the cells to cyclic equibiaxial stretch for 6, 12, and 24 h, by measuring ATP levels using the CellTiter-Glo luminescent cell viability assay (Promega) according to the manufacturer's instructions. After mechanical stretch, cells in each of the six-well plates were harvested by trypsinization and resuspended in 1 ml of fresh medium; 100 ll of this cell suspension was added to 96-well plates. Then, 100 ll of CellTiter-Glo reagent was added to 100 ll of the medium containing cells. The contents were mixed for 2 min to induce cell lysis and the plate was incubated at room temperature for 10 min to allow the luminescent signal to stabilize. Luminescence intensities were recorded on a Luminoskan Ascent luminometer (Thermo Scientific) with an integration time of 1 s per well. The luminescence measurement in the control group at 6 h was considered to represent 100% cell viability.
RNA extraction
Total cellular RNA was extracted from control and mechanically loaded cells (6, 12 , and 24 h) using an RNeasy Kit (Qiagen, Valencia, CA, USA), according to the manufacturer's protocol. The RNA concentrations and purities [based on the absorbance ratio at 260-280 nm (A 260 /A 280 )] of the samples were determined using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Rockland, DE, USA). Total RNA samples were verified by running 1 lg of an mRNA sample on 1% agarose in 19 Tris/borate/EDTA (TBE) buffer.
Real-time RT-PCR array analysis
cDNA was synthesized using the RT 2 First Strand Kit (SABiosciences, Fredrick, MD, USA). Briefly, 1 lg of each RNA sample was incubated with the genomic DNA elimination mixture for 5 min at 42°C and immediately chilled on ice for 1 min. The mRNA samples were then mixed with the RT first-strand kit master mix and enzyme and incubated at 42°C for 15 min, and the reaction was stopped by heating at 95°C for 5 min. One microliter of cDNA was added to each well of the following array plates: Human Extracellular Matrix RT 2 Profiler PCR Array plates (PAHS-013; Qiagen, Valencia, CA, USA), Human Cytoskeleton RT 2 Profiler PCR array plates (PAHS-088; Qiagen), Human Apoptosis RT 2 Profiler PCR array plates (PAHS-012; Qiagen), and Human Osteogenesis RT 2 Profiler PCR array plates (PAHS-026; Qiagen). The plates were loaded into a StepOnePlus Real-Time PCR Instrument (Applied Biosystems, Foster City, CA, USA) for 40 cycles (15 s at 95°C and 1 min at 60°C per cycle) and the results were analyzed using the RT 2 Profiler PCR Array Data Analysis Webportal provided by the manufacturer (Qiagen), which can analyze critical threshold (C t ) values to calculate changes in gene expression. We analyzed control and experimental samples at 6, 12, and 24 h in triplicate.
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Statistical analysis
All statistical analyses were performed using the SPSS 22.0 software package (IBM, Armonk, NY, USA). Data of the caspase activity and cell viability are expressed as mean and SD. The Student's t-test (two-tailed) was used for statistical comparison of the control and stretch groups. Differences between stretch groups at 6, 12, and 24 h, as determined from the Caspase-Glo 3/7 assay, MTT assay, and cell viability assay, were evaluated by two-way ANOVA and Tukey's test. Values of P <0.05 were considered statistically significant. Changes in expression of the target genes were measured relative to the mean C t values of five different housekeeping genes [glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-2-microglobulin (B2M), actin-beta (ACTB), hypoxanthine phosphoribosyltransferase 1 (HPRT1), and ribosomal protein lateral stalk subunit P0 (RPLP0)] using the ΔΔCT method described previously (23). Student's t-tests were used for statistical comparison of the control and experimental groups using mean C t values derived from the triplicate samples (24) .
Results
Human calvarial osteoblast morphology was changed 12 h after application of the equibiaxial stretch force. Light microscopy showed the cell orientation to be different between experimental and control conditions. Cells treated with mechanical stretch were elongated and reorientated away from the direction of the stretch force, while the control cells were orientated randomly (Fig. 1) . Moreover, the dimensions of HCObs (cell area, perimeter, width, and length) in the mechanical stretch-treated group were significantly higher than those in the control group (Table 1) .
The activities of caspase 3/7 were lower in HCObs after both 12 and 24 h of mechanical stretch treatment than in control HCObs (P < 0.05) (Fig. 2) . Compared with HCObs after 6 or 12 h of mechanical treatment, HCObs exposed to 24 h of mechanical treatment exhibited decreased caspase 3/7 activity, suggesting that mechanical stretch decreases the expression of two apoptosis 'executioner' caspases in a time-dependent manner. The results of the MTT assay revealed that stretch increased the proliferation of HCObs after 24 h of mechanical treatment compared with the control group (Fig. 3) . Also, in the stretch-treated plates, HCOb proliferation was greater at 24 h than at 6 and 12 h (Fig. 3) . In addition, the CellTiter-Glo assay (Fig. 4) showed that cell viability was increased in the stretch-treated plates of HCObs compared with control plates (P < 0.05) at 6 and 24 h, revealing that mechanical stretch (2% elongation, 0.2 Hz) can significantly increase HCOb viability.
Owing to the decreased expression of two apoptosis 'executioner' caspases and the increased cell viability in the stretch-treated plates, we then performed RT 2 -PCR arrays to identify altered expression of genes related to the ECM, the cytoskeleton, apoptosis, and osteogenesis between the treated group and the control group (Figure S1) . The results are presented as expression fold of the respective control at 6, 12, and 24 h. The gene expression of the five housekeeping genes (GAPDH, B2M, ACTB, HPRT1 and RPLP0) showed no significantly different between the control and experimental group at 6, 12 and 24h (Table S1-S4). We found that the expression of 18 genes was altered by more than two-fold in a time-dependent manner (Tables 2-5 ), suggesting that mechanical stretch can regulate osteoblast viability by affecting the expression of these genes. The selected upregulated genes for which the expression was higher after 24 h of stretch than after 6 h of stretch included one cytoskeleton-related gene [myosin light chain kinase 2 (MYLK2)], three apoptosis-related genes [DNA fragmentation factor alpha (DFF45), tumor necrosis factor receptor superfamily member 9 (TNFRSF9), and tumor protein 73 (TP73)], one osteogenesis-related gene [calcitonin receptor (CALCR)] and five ECM-related genes [matrix metallopeptidase 13 (MMP13), TIMP metalloproteinase inhibitor 3 (TIMP3), E-selectin precursor (SELE), L-selectin precursor (SELL), and P-selectin precursor (SELP)]. Moreover, the downregulated genes whose expression was lower after 24 h of stretch than after 6 h of 
Discussion
Although previous studies have reported that mechanical stretch can promote osteoblast metabolism and proliferation (6, 25, 26) , few studies have described the specific changes in ECM-related genes of HCObs. In the present study, we determined that an equibiaxial stretch force can increase HCOb viability and, using RT 2 -PCR arrays, we identified some mechanoresponsive genes related to the cytoskeleton, apoptosis, osteogenesis, and the ECM.
Osteoblasts are acutely sensitive to changes in their biomechanical environment and an important function of osteoblasts is synthesizing and secreting bone matrix components to maintain bone mass and architecture (27) . The first response to mechanical stretch induces cell deformation and structural changes, including changes in the cytoskeleton and in cell-matrix adhesion functions. The mechanical signals are then converted into biochemical signals affecting gene transcription, the cell cycle, apoptosis, and other physiological activities (28) (29) (30) . In the present study, the HCObs reorientated after application of stretch for 12 h, and the cell activities were changed. A previous study demonstrated that cyclic mechanical stretch can promote energy metabolism in osteoblasts, which is essential for maintaining the biologic activities of cells (25) . The activities of caspase 3/7 are critical mediators of mitochondrial events related to apoptosis (31) and, in this study, the expression of caspase 3/7 activities in the mechanical stretch-treated groups were lower than those in the control group. The MTT assay, which measures the amount of formazan formed to estimate the number of viable cells, is widely considered as a reliable method for measuring cell proliferation (32) . Cell proliferation was significantly increased after stretching for 24 h. Moreover, the CellTiter-Glo Fig. 2 . Effect of mechanical stretch on the activities of caspase 3/7 was assessed using a caspase activity assay at 6, 12, and 24 h. Mechanical stretch significantly decreased the activity of caspase 3/7 at 12 and 24 h. The activity of caspase 3/7 under stretch showed significantly lower activity at 24 h than at 6 and 12 h. Bars represent mean AE SD of triplicate measurements; *P < 0.05. RLU, relative luminescence units. Fig. 3 . Effect of mechanical stretch on cell proliferation was assessed using the MTT assay at 6, 12, and 24 h. Mechanical stretch significantly increased proliferation activity at 24 h. The proliferation activity under stretch was significantly higher at 24 h than at 6 and 12 h. Bars represent mean AE SD of triplicate measurements; *P < 0.05. Fig. 4 . Effect of mechanical stretch on cell viability at 6, 12, and 24 h was assessed. The luminescence measurement in the control group at 6 h was considered to represent 100% cell viability. Mechanical stretch resulted in significant increases in cell viability at 6 and 24 h of stretch. Bars represent mean AE SD of triplicate measurements; *P < 0.05.
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assay is a sensitive and rapid method for determining cell viability by detecting the luminescence produced, which is proportional to the amount of ATP, an indicator of cellular metabolic activity (33) . The mechanical stimuli alter cytoskeletal organization and elevate intracellular calcium levels, which can promote cellular ATP secretion (34) (35) (36) . Cell viability of the stretch group was significantly increased at 6 h compared with that of the control group. After stretching for 24 h, cell apoptosis was decreased and cell proliferation activity was increased. Apoptotic cells lose membrane integrity and the ability to synthesize ATP, while endogenous ATPases destroy any remaining ATP; thus the levels of ATP fall (33) . Therefore, cell viability in the stretch group was significantly increased at 24 h compared with that in the control group. The increased cellular metabolic activity of the control group at 12 h can lead to the high ATP level, which may explain why the viability of the stretch group at 12 h was not significantly different from that of the control group. In our study, an appropriate mechanical stretch (2% stretch at 0.2 Hz) applied to HCObs increased cell viability. It has been suggested that an appropriate number of mechanical stretch cycles with frequencies of 0.1, 1, and 10 Hz can stimulate osteoblast proliferation, while a higher cycle number with a higher frequency can reduce cell number (37) . Also, an equibiaxial cyclic mechanical strain of 2% is known to stimulate extracellular matrix formation and osteogenesis (38) . Therefore, the parameters of cyclic equibiaxial stretch in this study are optimal for increasing cell viability and are consistent with the findings showing that tensile strain can lead to bone formation (6, 26) . Furthermore, we used RT 2 -PCR arrays to identify differentially expressed genes related to the cytoskeleton, apoptosis, osteogenesis, and the ECM, whose expression was altered by more than two-fold in a time-dependent manner. Mechanical stretch of cytoskeletal signaling proteins is a fundamental mechanism of force sensation that causes cells to change orientation (39) . The protein MYLK2 is a calmodulin- Table 2 Changes in expression of the selected cytoskeleton-related genes following mechanical stretch Values represent fold up-or down-regulation (experimental/control) at each study time point. *P < 0.05. Table 3 Changes in expression of the selected apoptosis-related genes following mechanical stretch Values represent fold up-or down-regulation (experimental/control) at each study time point. *P < 0.05. Table 4 Changes in expression of the selected osteogenesis-related genes following mechanical stretch Values represent fold up-or down-regulation (experimental/control) at each study time point. *P < 0.05. dependent enzyme that phosphorylates the myosin light chain and regulates cytoskeletal structure (40) and, in this study, the expression of MYLK2 was higher after 24 h of stretch than after 6 h of stretch. The FSCN2 gene encodes a member of the fascin family proteins that can crosslink actin into filamentous bundles within dynamic cell extensions (41, 42) . Compared with that after 6 h of stretch, FSCN2 gene expression after 12 and 24 h of stretch was downregulated. Cell movement is initiated by the assembly of actin filaments and myosin contraction, and myosin contraction can then be transmitted via actin filaments to neighboring cells (39, 43) . Fascin proteins are integrated into the cycle of cell extension by actin assembly and crosslinking in the early stage after application of mechanical forces, and myosin contraction plays a role in cell reorientation and in cell-cell and cell-matrix interactions. Expression of the cell apoptosis-related gene DFF45/ ICAD, an inhibitor of DFF40/CAD, was higher after 12 and 24 h of stretch than after 6 h of stretch. When a cell receives a death signal, activated caspase 3 cleaves DFF45/ICAD, releasing DFF40/CAD, which subsequently translocates into the nucleus and cleaves genomic DNA (44, 45) . A reduction in the activity of caspase 3 in this study is therefore consistent with the increased expression of DFF45. Another apoptosisrelated gene that was upregulated in a time-dependent manner is TNFRSF9, which stimulates the activity of activated T cells and enhances T-cell proliferation (46) ; however, in vitro, TNFRSF9 expression on activated endothelial cells can enhance the adhesion of monocytes under defined flow conditions (47) . The TNFRSF9 protein has mainly been reported to mediate immune responses but not act on osteoblasts. The TP73 protein is a structural and functional homolog of the p53 tumor suppressor protein and can regulate the cell cycle and induce apoptosis (48, 49) . Although overproduction of TP73 promotes growth arrest and inhibits cell growth in a p53-like manner (48) , TP73 is an essential anti-apoptotic protein in neurons and plays a role in cellular differentiation by blocking the proapoptotic function of p53 (50, 51) . The exact function of TP73 is not completely understood, and the expression of TP73 was upregulated in a time-dependent manner in the present study. Moreover, CYCS, which is loosely associated with the mitochondrion and can be released into cytosol to activate cell apoptosis (52) , was downregulated after 6 h of stretch.
The osteogenesis-related gene CALCR, which is expressed mainly in osteoclasts and binds with calcitonin to inhibit osteoclast formation and bone resorption (53) , was upregulated in a time-dependent manner. Although calcitonin can promote bone formation in vivo, few studies have suggested that calcitonin acts on osteoblasts (54) . In the present study, expression of CTSK was upregulated after stretch was applied for 6 h, while expression of CTSK was downregulated after 12 and 24 h of stretch. The CTSK protein plays a vital role in bone resorption and remodeling through catabolizing bone matrix proteins, including elastin and collagen (55, 56) . Accordingly, expression of CTSK increased early after the stretch was initiated. One critical gene for endochondral bone formation, COL10A1 (57), had high expression after 6 h of stretch, and the expression was downregulated at 12 and 24 h. The COL10A1 protein plays essential roles in endochondral ossification, which can influence deposition of other matrix components to the zone of endochondral ossification formation (58, 59) . In this study, COL10A1 is likely to influence deposition of the other ECM proteins in the early stage after the application of mechanical stretch. Chordin, a bone morphogenetic protein (BMP) antagonist that binds to BMPs and blocks their interaction with receptors (60), was also upregulated at 6 h and downregulated at 12 and 24 h of stretch. Chordin is a negative regulator of endochondral ossification in embryonic sternal chondrocytes (61); also, chordin can inhibit osteoblast differentiation and mineralization by regulating BMP signaling (62) . Similarly, in this study, the expression of chordin was downregulated at 24 h.
The ECM, which contains various proteins and fibers and is secreted by a variety of cells, including osteoblasts, is the major component of mature bone (63, 64) . Studies have suggested that mechanical stretch promotes ECM secretion-enhancing osteoblast metabolism (6, 65) . The MMP family degrades the ECM during Table 5 Changes in expression of the selected extracellular matrix-related genes following mechanical stretch normal physiological processes, while TIMPs are important inhibitors of metalloproteinases (66) . In the present study MMP8 was gradually downregulated at 24 h compared with 6 h, while MMP13 was downregulated at 6 h and upregulated at 24 h. Moreover, after 24 h of stretch treatment, TIMP3 was upregulated to a much greater degree than after 6 h of stretch, indicating that matrix remodeling requires a balance between MMPs and TIMPs. Expression of THBS3 (which regulates cell-cell or cell-matrix interactions and skeletal maturation) (67) was downregulated at 12 and 24 h compared with 6 h. The protein CTNND2 binds other adhesion molecules and forms cell-cell adhesion complexes to maintain cell structure and function. As a result of its important role in cellular organization and polarity, expression of CTNND2 was upregulated quickly, as early as after 6 h of stretch treatment (68, 69) . Expression levels of the selectin family proteins SELE, SELL, and SELP, which generally mediate cell adhesion during inflammatory responses (70) , were higher at 12 and 24 h than at 6 h. A previous study has suggested that SELP plays a role in regulating monocyte growth and maturation (71) , indicating that the selectin family can regulate cellular differentiation.
In conclusion, this study has demonstrated that cyclic equibiaxial stretch increases HCOb viability in a timedependent manner. Using RT 2 -PCR arrays, a total of 18 genes were identified with differential expression and are related to the cytoskeleton, apoptosis, osteogenesis, or the ECM. Cytoskeleton-and osteogenesis-related genes also influence the synthesis and secretion of ECM components and play a role in ECM remodeling and cell viability. Our findings suggest that mechanical stretch increases osteoblast viability and reveals several key genes that are related to osteoblast differentiation and growth under mechanical stretch. Future studies will identify the specific proteins using western blotting and verify the function of the proteins in vivo. In summary, our study provides evidence that certain genes are related to osteoblast viability after stretch, which extends our understanding of the effect of mechanical stretch on osteoblast gene expression and may be applied to stimulate craniofacial sutural remodeling during interceptive orthodontics.
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